Abstract: 29 30
Lesions of the cerebellum produce deficits in movement and motor learning. Saccadic 31 dysmetria, for example, is caused by lesions of the posterior cerebellar vermis. Monkeys 32
and patients with such lesions are unable to modify the amplitude of saccades. Some 33 have suggested that the effects on eye movements might reflect a more global cognitive 34 deficit caused by the cerebellar lesion. We tested that idea by studying the effects of 35 vermis lesions on attention as well as saccadic eye movement, visual motion perception 36 and luminance change detection. Lesions in posterior vermis of four monkeys caused the 37 known deficits in saccadic control. Attention tested by examination of acuity threshold 38 changes induced by prior cueing of the location of the targets remained normal after 39 vermis lesions. Luminance change detection was also unaffected by the lesions. In one 40 case, after a lesion restricted to lobulus VIII, the animal had impaired visual motion 41
perception. 42 43

Introduction: 44
In addition to its known role in motor control, some have suggested that the human 45 cerebellum may also play a role in non-motor functions, such as attention and visual 46 motion perception (Ivry and Diener, 1991; Nawrot and Rizzo, 1995; Thier et al., 1999; 47 Two monkeys (E and S) were trained to detect the dimming of a peripheral visual target 159 and report it by releasing a touch bar (Moore and Fallah, 2001) . In a typical trial the 160 central fixation point appeared as soon as the animal pressed the touch bar which was 161 positioned in front of him. Following 400ms of fixation, a peripheral target appeared (red 162 given a time window of 200-700 ms to release the touch bar to indicate the detection of a 168 change in target luminance. Upon correct detection, the monkeys were rewarded with a 169 unit of fluid. The individual luminance change threshold, i.e., the lowest target luminance 170 change that a monkey could detect was determined by varying the changes in target 171 luminance, based on the method of constant stimuli (MCS) (Snodgrass, 1975) . In 172 principle, the monkeys might simply release the touch bar after a safe time period, 173 thereby getting reward in 50% of trials without relevant effort. To increase the incentive to 174 pay attention to the luminance changes, we introduced 40% of trials with percentage 175 luminance changes well below the monkey's detection threshold in which they were 176 required to keep the touch bar pressed throughout the trial for a reward. The other 60% 177 of the trials were rewarded for correctly releasing the touch bar within the specified period 178 (Figure 1 C) . Monkeys' responses (detected/non detected changes) were plotted as a 179 function of percent luminance change and fitted by probit functions. The luminance 180 change threshold level was defined as the percent luminance change for which the 181 change was detected in 62.5% of cases (chance level to detect the change withinMotion detection thresholds were tested in four monkeys (B, R, E and S) .Random dot 185 cinematograms (RDC) were presented within apertures that were located at eccentricities 186 of 16 deg in the central or peripheral parts of the visual field. The RDCs were constructed 187 so that neither the spatial or temporal frequency of dots, nor the mean luminance, or 188 contrast or position cues could be used to infer the direction of motion. Dots first 189 appeared in randomly chosen locations, where they moved at a speed of 10 deg/sec. RDCs appeared only in a particular location in a given block of trials. Each experimental 205 block comprised of 80-120 trials in which the percentage of dots moving coherently was 206 varied according to the method of constant stimuli (Snodgrass JG. 1975) . A trial 207 commenced with the appearance of a central fixation point whose successful fixation for 208 500ms triggered the appearance of the RDC for one second. Following the termination of 209 the RDC two response targets (dots 40 arc min size) appeared at 12 deg on an axis 210 orthogonal to the axis on which the signal dots had been presented. Monkeys had 1000 211 ms to indicate their directional decision by making a saccade to the corresponding 212 response target (a target up on the vertical axis corresponded to rightward motion, down 213 to leftward motion, a target on the right of the horizontal axis to upward motion and finally 214 on the left to downward motion. We adopted the "extra-reward" strategy for responses 215 near threshold. The percentage of correct responses was plotted as a function of the 216 percentage of coherently moving dots and fitted by a probit function. The perceptual 217 threshold was defined as the motion coherence level at which 75% (chance level in the 218 two-alternative forced choice =50%) of the trials yielded correct responses. 219
To quantify the quality of fixation during the presentation of discriminanda, we applied a 220 principal component analysis (PCA) to measured horizontal and vertical positions of the 221 eyes during the presentation of the Landolt Cs and the RDC respectively. The PCA 222 determined the 2 orthogonal directions of maximal variance in the X-Y plane defining 223 "fixation ellipses", representing fixation quality at various times before and after the 224 lesion. In order to assess the influence of the lesion, we compared the areas of the 225 ellipses by repeated measures 1-way ANOVA with the factor "time relative to lesion"(in 226 short "time"). 227
228
Vermal lesions 229
A vermis lesion was carried out as described in Barash et al. (1999) when a monkey was 230 proficient on the tasks and his pre-lesion performance well-documented. Surgery and 231 post-surgical care followed the procedures described earlier, except that the anesthesia 232 with isoflurane was replaced by propofol (0.1 mg/kg/min). Antibiotic and analgesic 233 medication was administered for a week after the surgery. The lesions were centred on 234 somewhat different parts of the posterior vermis, but all four initially showed the expectedsaccade deficits immediately after the lesion (Barash et al. 1999) (Figure 4 
B-D, F-G). 236
Monkey S demonstrated an unexpectedly quick recovery on the fifth day post lesion from 237 the initial saccadic hypometria and he was able to adapt saccade amplitude. In order to 238 assess the lesion location in this surprising case in-vivo, we used high-resolution MRI. 239 Figure 3 A demonstrates the location and extent of the lesion, which included lobule VIII 240 and the caudal part of lobule VII. Importantly, rostral lobule VII and caudal lobule VI had 241 been spared in the first operation. When post-operative performance was stable, 36 days 242 after the first lesion, we did a second ablation (L2) aiming to destroy lobuli VI and 243 remaining lobule VII. High resolution MRI following the second operation showed that 244 the lesion now included lobuli V, VI and VII, in addition to lobuli VIII as well as the caudal 245 parts of lobulus VII that had been removed earlier L1) (Figure 3 B) . 246
At the completion of the experiments (3 months for monkey R, 6.5 months for monkey B, 247 3.5 months monkey for E and 4.5 months (after the first ablation) for monkey S, the 248 monkeys were deeply anesthetized by a lethal dose of pentobarbital and perfused 249 intracardially with saline followed by fixative (4% paraformaldehyde). The cerebellum was 250 sectioned parasagittally in 60 μm sections and Nissl stained. 
Results: 254
Saccadic hypometria after posterior vermal lesions 255
All four monkeys initially demonstrated hypometric saccades following lesions of the 256 midline cerebellum. This is exemplified in Fig. 4A , which shows eye-traces recorded from 257 monkey R making visually-guided saccades to a 15 deg target presented to the right prior 258 to the lesion, 3 days, and 60 days after the lesion. Prelesion saccades were normometric 259 and accurate with little variability of saccade endpoints. Shortly after the lesion, the 260 saccades became significantly more variable and in general too short (=hypometric) toreach the target, which is why the monkey had to add a second corrective saccade 262 following the initial one. Two months after the lesion the average saccadic amplitude had 263 recovered (=normometric). However the variability remained increased. In order to 264 demonstrate that the early postlesion hypometria was observed in all monkeys and for all 265 8 directions tested, we plotted the distribution of the saccade end-points made by 3 266 monkeys (R, B and E) to targets presented at 15 deg eccentricity 3-6 days after the 267 lesions and compared them to prelesion saccades (Figure 4 B-D) . Also in monkey S, 2 268 days after a first lesion centred on lobule VIII, we observed increased variability of 269 saccadic end-points and hypometria ( Figure 4E ). However, the hypometria quickly 270 subsided and the recovery is illustrated in Figure 4 F which compares the performance of 271 monkey S in the same task 20 days after the first lesion and initially after the second 272 lesion that ablated lobules V, VI as well as the remainder of VII. The second lesion 273 reinstituted the hypometria that had completely disappeared within 7 days after the first 274
lesion. 275
In all the four monkeys the hypometria was most pronounced for horizontal saccades 276 compared to those directed to other target locations (Fig 4B-D) . In monkey S, hypometria 277 was characterized by a general downward shift of saccade end-points immediately after 278 the first lesion, most obvious for up-and downward saccades ( 
Spatial attention remains unimpaired after posterior vermal lesions 308
In monkeys S and B we studied the effects of posterior vermal lesions on spatial 309 attention. After a training period of 3 and 4 months respectively, both monkeys showed 310 clear improvements of visual acuity at 9 deg eccentricity on the order of 9.3% in monkey 311 B and 16.1% in monkey S when the future location of the Landolt C ring had been cued 312 (see Figure 5 for details).and the caudal end of VII. The second lesion included lobules V, VI, and the remainder of 315 VII. Acuity with and without cueing was tested shortly after the first lesion (days 3-9) and 316 shortly after the second lesion (days 3-13), during the time in which saccadic eye-317 movements were still hypometric. Measurements were also made in the late post-lesion 318 period, when the saccadic eye movements were no longer hypometric (days 11-30 after 319 the first lesion and between days 14-48 after the second one). Spatial cueing improved 320 performance under all conditions. (2-way ANOVA with the factors "time" and "cue", main 321 effect of "cue" p<0.05, main effect of "time" p<0.05, interaction "cue"*"time", p=0.63). 322
Since fixation performance during the presentation of the Landolt C showed no significant 323 change (1-way ANOVA with the factor "time", p>0.05), the transient acuity gain after the 324 first lesion cannot be explained by fixation instability. 325
Monkey B could be studied only in the late post-lesion period (days 60-69) as his 326 performance on the task in the early post-lesion period was poor. Figure 5 B compares 327 mean visual acuity thresholds with and without cueing before and after the lesion. 328
Absolute acuity was better in the post-lesion period whereas the improvement of acuity 329 by spatial cueing was unaltered (2-way ANOVA with the factors "cue" and "time""; main 330 effect of "cue" p<0.05; main effect of "time" p<0.05; factor interaction p=0.54). 331
332
Motion perception after posterior vermal lesion. 333
The ability to extract the direction of coherent motion from RDCs was measured in all four 334 monkeys before the lesion (measured every day two weeks prior to the lesion, one data 335 set per day per aperture location) and at different time periods after the lesion (measured 336 daily within first two weeks after the lesion and every 3-4 days starting from the third 337 week after the lesion) ( Figure 6 ). In monkey R we tested motion discrimination for 3 338 at all the locations tested (central, right and left) (1-way ANOVA with the factor "time", 341 p<0.05), but recovered when tested on days 33-60 after the lesion (1-way ANOVA with 342 the factor "time", p>0.05) (Figure 6 B) . 343
In order to test whether the motion perception deficits observed early after the lesion in 344 monkey B were secondary to a deterioration of fixation, we compared the animal's 345 fixation during the 1000 ms of RDCs presentations before, early and late after the lesion 346 (Figure 6 B) . Following the lesion, fixation performance was impaired, there was about a 347 two fold increase in the area of the fixation dispersion after the lesion (1-way ANOVA with 348 the factor "time", p<0.05). Fixation was less precise in the early and late post-lesion 349 periods. However, the motion perception deficit had recovered completely at the time of 350 the late post-lesion period, although the fixation disturbance persisted. In other words, 351
there does not seem to be a link between the occurrence of fixation variability after the 352 lesion and the development of a motion perception deficit. 353
In monkey S measurements were obtained for the RDC aperture presented in the central 354 visual field, and at 16 degrees eccentricity in all four cardinal directions. We observed a 355 transient deficit in motion direction discrimination, characterized by a significant increase 356 of the motion direction discrimination threshold by a factor of about 1.6 compared to the 357 average prelesion threshold after the first lesion for all the visual fields locations except 358 for the upper field (1-way ANOVA with the factor "time", p<0.05) (Figure 6 C). After one 359 week the monkey's thresholds returned to normal for all visual fields locations, except for 360 the right visual field location, where it stayed impaired for the first 12 days after the first 361 lesion. The fixation performance for the right visual field location was not significantly 362 different from prelesion performance (1-way ANOVA with the factor "time", p>0.05) 363 (Figure 6 C,) . After the second lesion, the motion direction discrimination thresholds 364 remained unaffected for all the visual field locations tested. Figure S1 plots the motiondirection discrimination thresholds for monkey S as a function of time after the lesions. 366
We also measured motion direction discrimination thresholds for monkey E. RDCs were 367 presented only in three spatial locations: central, down and up. As in monkey S, we 368 observed a transient deficit at the central and the down location immediately after the 369 lesion, whereas performance at the up location was unchanged. Although there was 370 some improvement, thresholds remained increased for the rest of the monkey's life 371 
S2. 377
We calculated average thresholds as a function of time for the 3 monkeys B, E and S that 378 had shown effects of the lesions. Data were pooled for central apertures, and for affected 379 and non-affected peripheral apertures. The thresholds were normalized to the average 380 motion direction discrimination threshold for the given spatial location before the lesion 381 and are summarized in Figure 7 . The lesions led to almost 2 fold increases in the 382 thresholds with complete recovery for the central aperture but incomplete recovery for the 383 affected peripheral visual field locations. 384
In order to assess the specificity of the motion perception deficit, we tested luminance 387 detection in monkeys E and S. Detection thresholds were measured for foveal as well for 388 peripheral presentations (8.5° eccentricity throughout). Since the thresholds for the 389 peripheral eccentricity were similar, independent of whether the target was presented 8.5 390 deg up, down, left or right, they were pooled. The monkeys exhibited lower thresholds forthe central visual field as compared to the peripheral field (35.8± 3.3% vs. 46.2±9.5% in 392 monkey E and 55.1±10.5% vs. 62.7±14.2% in monkey S, both before lesion). 393 The effect of the lesion on the luminance change detection thresholds were tested by 398 repeated one-way ANOVAs with the factor "time". They demonstrated that neither 399 monkey E nor monkey S experienced significant impairments in luminance change 400 detection as a consequence of the lesions. 401 Table 1 gives a summary of the locus of the lesions and their functional consequences in 402 the four monkeys. 403
404
Discussion: 405
Previous work on cerebellar patients had suggested that visual attention and motion 406 sensitivity are impaired after lesions of the posterior vermis. This study was designed to 407 assess the role of the posterior cerebellar vermis on covert shifts of attention and visual 408 motion perception in monkeys. We studied circumscribed surgical lesions of distinct parts 409 of the posterior vermis of the rhesus monkey. As a control for possible visual deficits, we 410 also tested detection of luminance change. Finally, visually guided saccades, well-known 411 to depend on the integrity of vermal lobules VI and VII allowed us to observe another 412 functional impact of the lesions. 413
Lesions involving lobuli VI and VII of the vermis caused the expected early saccadic 414 dysmetria in all four animals. The dysmetria persisted in three of the four animals. In the 415 one monkey in which the first lesion spared lobule VI and most of VII, there was only a 416 very brief saccadic dysmetria. A second lesion was made that included lobules V, VI andconsistent with earlier work (Takagi et al., 1998; Barash et al., 1999; Golla et al., 2008) . 419
The two monkeys B and S with extensive lesions, encompassing lobuli V to VIII and 420 presenting clear deficits of saccades, were unimpaired in tests of visual attention which 421 was assessed by measuring visual acuity with or without prior spatial cueing (Table 1) . 422
The observation that monkeys with vermal pathology are able to use spatial attention to 423 improve visual acuity, while suffering from disturbances of visually guided saccades is in 424 complete agreement with a previous study by Golla et al. (2005) to target delay in order to reach the performance level of normal subjects. In that study, 441 subjects had to operate a joystick to report their decisions, arguably more demandingreaction times observed in the cerebellar patients, they do not explain, why accurate 445 perceptual decisions might have required more time in the patients studied by Townsend 446 and colleagues. One possibility may be the lack of fixation control in the study by 447
Townsend et al. in contrast to the study by Golla et al. and the present one, since 448 cerebellar lesions may jeopardize fixation. In summary, our results strengthen the notion 449 that the posterior cerebellar vermis plays a role in the control of saccades, rather than 450 being part of a common network for both overt and covert spatial shifts of attention. 451
A number of studies have consistently found visual motion deficits in cerebellar patients 452 (Ivry and Diener, 1991; Nawrot and Rizzo, 1995; Thier et al., 1999; Jokisch et al., 2005) . 453
In agreement with those studies, the present work demonstrates increased perceptual 454 thresholds for the discrimination of coherent motion in 3 out of the 4 monkeys with 455 posterior vermal lesions (Table 1 ). The deficits were restricted to particular subsets of the 456 visual field locations tested, not obviously related to the details of the lesions, although 457 the severity of the deficits and their duration was clearly associated with the size and the 458 location of the lesions. Although, the oculomotor part of the vermis (lobuli VIb, VIc and 459 VII) was our main target, some of the lesions extended to include lobuli V, lobuli VIII, 460 lobuli VIa, crus II and the fastigial nuclei to various amounts in the four monkeys studied. 461
Lobule VIII, rather than the oculomotor vermis proper (lobuli VI and VIIA) is most closely 462 associated with severity and lasting of the deficit. Monkey E, in which the lesion had 463 disrupted the whole of lobulus VIII continued to exhibit persistent motion perception 464 deficits in the lower visual field even 8 weeks after the lesion. In the other animals, the 465 deficits were transient, lasting only a few weeks at most. Vermal lesion centred on more 466
anterior lobuli of the vermis did not impair motion perception. Fixation behaviour was 467 unrelated to the degree of motion perception deficit (Table 1) . A motion perception deficitperception deficits in cerebellar patients with chronic lesions of the midline cerebellum 470 which most probably involved lobulus VIII (Nawrot and Rizzo, 1995, 1998) . Our findings 471 in monkeys clearly rule out that such deficits in patients were secondary to extra-472 cerebellar disease. The recovery of the deficit in all cases except monkey E when 473 compared to the persistence of the deficits in patients most probably reflects differences 474 in the size of the lesion and suggests a role of para-vermal tissue or more posterior 475
lobuli. 476
We do not know why lesions of lobulus VIII should lead to motion perception deficits.The 477 little we know about lobulus VIII is based on single-unit recording studies which 478 demonstrated the existence of neurons responding to optokinetic stimulation, only rarely 479 encountered in lobuli VI and VIIA (Sato and Noda, 1992) 
. However, it remains unclear 480
what the role of that sensitivity could be in motion perception. 481
The independence of the motion perception deficit is not only indicated by normal visual 482 acuity and normal spatial attention following lobulus VIII lesions, but, also by a completely 483 normal ability to detect luminance changes (Table 1) . These negative findings extend the 484 growing list of observations on patients, speaking against non-spatial visuo-perceptual 485 functions of the cerebellum, usually associated with the "what" pathway of visual 486 processing. More generally, they clearly propose to use a more careful and differentiated 487 approach when considering role of cerebellum in functions beyond its well-established 488 ones in motor control (Glickstein, 2006; Glickstein, 2007) . amplitude/target eccentricity) of monkeys B, R and E before (light grey), early after 624 (black) and late after (dark grey) the vermal lesions. In monkey B, a very late 625 measurement was obtained 4-6 months after the lesion, represented by the white bar. 626
The asterisks indicate significant differences between gains as revealed by t-test, 627 *p<0.05, **p<0.01, ***p<0.001, corrected for multiple comparisons; n.s. denotes no 628 statistical difference. To assess changes of saccade variability we compared the STDs 629 by 1-way ANOVA (factor "time") with subsequent Scheffe tests before and after lesions. 630
This analysis demonstrated that in monkeys B and R saccades were significantly more 631 variable after the lesion, p<0.01. On the other hand, the variability of post-lesion 632 saccades in Monkey E was not different from pre-lesion saccades, p>0.05. 633 (H) Average saccadic gain ± STD of monkey S before (light grey), early after L1 (days 2-634 4 -black), late after L1 (days 20-30 -dark grey), early after L2 (days 2-5 -black) and 635 late after L2 (days 15-50 -white). Tests and conventions are the same as in G. In 636 monkey S saccade gain dropped significantly after each lesion and each time fully 637 recovered. After the first lesion saccades were more variable than before the lesion 638 (p<0.001). Late after the first lesion, at a time, the monkey had completely recovered 639 from hypometria, surprisingly this was accompanied by a normalization of saccade 640 amplitude variability (no difference compared to prelesion variability; significant 641 improvement compared to variability early after the first lesion, p<0.001). The second 642 lesion reinstituted the increased saccade variability (p<0.001) which remained until the 643 end of the observation period. 644 non-cued (black diamonds ± STD) trials before the lesion, between days 3-9 and 11-30effect of "cue" p<0.05, main effect of "time" p<0.05, interaction "cue"*"time", p=0.63. 650 (B) Acuity thresholds obtained in monkey B in cued and non-cued trials before and 651 between days 60-69 after the vermal lesion in monkey B. Acuity thresholds are compared 652 by 2-way ANOVA with the factors "cue" and "time""; main effect of "cue" p<0.05; main 653 effect of "time" p<0.05; factor interaction p=0.54 654 655 Fig. 6 Motion direction discrimation thresholds before and after lesions in monkeys R, B, 656
S and E. For monkeys B, S and E, which exhibited early post-lesion motion direction 657 discrimination deficits, the corresponding panels in addition show box and whisker plots 658 of a measure of fixation stability, corresponding to the area of the "fixation ellipses" (see 659
Methods). The boxes represent the standard error, the whiskers the standard deviation of 660 this measure. Motion direction discrimination thresholds are represented by average 661 bars plus standard deviations. The asterisks indicate significant differences between 662 means of fixation stability and motion perception thresholds respectively as revealed by 663 one-way ANOVA with the factor "time", *p<0.05, **p<0.01, ***p<0.001; n.s. denotes no 664 statistical difference. were measured before the lesion (white) and between days 2-3 (dark grey), between 683 days 6-11 (grey) and between days 33-60 (light grey) after the lesion. 684 685
Fig. 7 (A-C) Mean normalized motion direction discrimation threshold as function of time 686
based on data from monkeys B, E and S. For each monkey the data was normalized by 687 taking the average thresholds before the lesions as 1 ("Before") and expressing average 688 thresholds for each time window ("Immediate" -days 2-5 after lesions for monkeys E 689 and S, "Early" -days 6-12 for monkeys B and E after lesions and monkey S after L1 and 690 L2, "Late" -days 20-60 after lesions in monkeys B and E and after both lesions in 691 monkey S) relative to this prelesion baseline value of 1 (i.e. a normalized value of 2 692 would indicate a doubling of the postlesion threshold). Normalized thresholds plus 693 standard deviations based on pooled data from the three animals are shown for 694 stimulation in the center of the visual field in (A). B depicts normalized thresholds based 695 on pooling data from the three monkeys from the "affected" peripheral visual field 696 locations. Data was included for those peripheral visual field location, for which the lesionwhich there was no significant effect of the lesion in the early post-lesion period. 700 showed improvement over time but persisted even after 3 months; quick-phase rightward 716 nystagmus in monkeys B and S (after L2), which disappeared within 7 days, quick-phase 717 leftward nystagmus in monkey E which disappeared within 3 days of the lesion; dysmetric 718 hand movements towards food targets (were slow and inaccurate), which recovered after 719 7 days. 720 n.s.
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